Abstract: Levulinic acid (LA) has been ranked as one of the "Top 10" building blocks for future bio-refineries as proposed by the US Department of Energy. It is considered one of the most important platform molecules for the production of fine chemicals and fuels based on its compatibility with existing processes, market economics, and industrial ability to serve as a platform for the synthesis of important derivatives. Hydrogenation of LA to produce γ-valerolactone (GVL) is an active area of research due to the potential of GVL to be used as a biofuel in its own right and for its subsequent transformation into hydrocarbon fuels. This paper contains a new design for a simple, cost effective, and safe hydrogenation reactor for the transformation of levulinic acid to γ-valerolactone (GVL) by utilizing high boiling point organic fluid. The hydrogenation reactor is composed of a heating source-organic fluid (called "DOWTHERM A" or "thermex") and the catalytic reactor. The advantages of high boiling temperature fluids, along with advances in hydrocracking and reforming technologies driven by the oil and gas industries, make the organic concept more suitable and safer (water coming in contact with liquid metal is well understood in the metallurgical industry to be a steam explosion hazard) for heating the hydrogenation reactor. COMSOL multi-physics software version 4.3b was applied in this work and simultaneously solves the continuity, Navier-Stokes (fluid flow), energy (heat transfer), and diffusion with chemical reaction kinetics equations. It was shown that the heat flux supplied by the DOWTHERM A organic fluid could provide the necessary heat flux required for maintaining the hydrogenation process. It was found that the mass fractions of hydrogen and levulinic acid decreased along the reactor axis. The GVL mass fraction increased along the reactor axis.
Introduction
The utilization of biomass for the production of fuel and chemicals has become an important research topic because of the growing concerns regarding the depletion of fossil carbon reserves and the environmental impact (such as air pollution) of our continued dependence on these resources [1] . Levulinic acid (LA) is ranked as one of the "Top 10" building blocks for future bio-refineries as proposed by the US Department of Energy [2] . It is considered as one of the most important platform molecules for the production of fine chemicals and fuels [3] based on its compatibility with existing processes, market economics, and industrial ability to serve as a platform for the synthesis of important derivatives. Hydrogenation of LA to produce γ-valerolactone (GVL) is an active area of research due to the potential of GVL to be used as a biofuel in its subsequent transformation into hydrocarbon fuels [4] .
GVL is considered as a sustainable liquid since it is renewable [5] . It has several very attractive physical and chemical properties [6] . Its vapor pressure is remarkably low, even at elevated temperatures and it does not hydrolyze at neutral pH. GVL is a safe material for large-scale use and can be utilized for the production of energy by adding it to gasoline [5] . Bereczky et al. showed that GVL significantly reduced the exhaust concentration of CO, unburned fuel, and smoke. The smoke reduction was particularly notable in light of the very recent suggestion that black carbon was the second most important greenhouse gas in the atmosphere next to carbon dioxide [7] . Licursi et al. [8] have studied and optimized cascade strategy for the catalytic valorization of levulinic acid. Their study has been carried out applying water as the only reaction solvent and heterogeneous commercial catalytic systems, which are more economical, available, and reproducible. Figure 1 shows the conversion processes of LA to a GVL and GVL to 2-Butanol and 2-Pentanol biofuels. 
GVL Production Process Catalysts
The hydrogenation of LA to GVL has been described by using both homogeneous and heterogeneous catalysts [9] . Filiz et al. [10] studied the catalytic hydrogenation of LA over zirconia supported ruthenium catalysts. They prepared four different Ru/ZrO2 catalysts with different pre-treatments and used different zirconium supports. They discovered that one of the catalysts 
The hydrogenation of LA to GVL has been described by using both homogeneous and heterogeneous catalysts [9] . Filiz et al. [10] studied the catalytic hydrogenation of LA over zirconia supported ruthenium catalysts. They prepared four different Ru/ZrO 2 catalysts with different pre-treatments and used different zirconium supports. They discovered that one of the catalysts ChemEngineering 2019, 3, 32 3 of 14 produced a yield of more than 99% of GVL under mild conditions. This catalyst was also robust and could be recycled at least four times without any loss in activity or selectivity. It was shown that the activity can be attributed to the presence of small ruthenium particles together with acidic sites on the catalyst [10] . Figure 2 shows the schematic of the hydrogenation reactor of LA to GVL.
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Wensel et al. [12] performed a computational fluid dynamics (CFD) simulation on the bio-refinery process for succinic acid and co-product. The finite volume method (FVM) technique was employed in the CFD simulation. The simulation included kinetic, stoichiometric, mass, and energy balance equations in order to simulate the effects of inlet temperature impeller speed, diameter, and spacing, inlet temperature, and fermentor volume on the fermentor cooling jacket heat transfer area. Predicted dissolved carbon dioxide concentrations in the fermentor had good agreement with those reported in the literature. The effects of the microfiltration recirculation rate, microfiltration stage numbers, and absorber sorbent particle diameter on the dimensional requirements and power consumption have also been considered. Yields and estimated volume and area requirements for the units of operation were obtained for the baseline process. Their work represents the first reported industrial-scale bio-succinic acid process model. Gorshkova et al. [13] performed a three phase CFD model for trickle bed reactors. Their model was extended to include reactions, mass transfer, and heat transfer. The stationary gas and liquid inside the porous particles were modeled separately from the bulk gas and liquid phases flowing outside the particles with convective and diffusive mass transfer between the inner and outer fluids. It was assumed that the catalytic reactions took place inside the catalyst particles. The process modeled in this work was the hydrogenation of octane (C 8 H 16 ) in a Ni/Al 2 O 3 reactor. The reaction is highly exothermic, resulting in the evaporation and condensation of the components. All sub models were implemented in Fluent software (version 12.1). Numerical tests were carried out to show that the CFD model allows for the investigation of local variations in the reactor, which are caused, for example, by bed drying or the effects of irregular liquid feed.
The structure of this paper is as follows: The thermodynamic properties of high temperature fluids are described in detail in Section 2.1. Section 2.2 describes the properties and benefits of DOWTHERM A organic fluid. Section 2.3 describes the multiphysics analyses of hydrogenation reactor. Section 3 presents the COMSOL (version 4.3b) results for the temperature and conversion. The described work contains a new design for a hydrogenation reactor for the transformation of levulinic acid to γ-valerolactone (GVL) by using high boiling point organic fluids. This is most likely the first time that organic fluid has been proposed to supply the required heat needed to sustain the hydrogenation reaction for producing GVL.
Critical Heat Flux of Water
There are inherent benefits of two-phase cooling. A poorly designed two-phase cooling system, however, can fail catastrophically due to critical heat flux. Figure 3 shows the transition from natural convection to nucleate boiling (A), and critical heat flux (B) for water [14, 15] . Critical heat flux (B) is marked by an excessive rise in device temperature that can result in the loss of heat transfer to the hydrogenation reactor external surface (D).
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Materials and Methods

High Temperature Fluids
Properties and Benefits of Utilization of an Organic Fluid
DOWTHERM A (also known as "thermex") is a mixture composed of biphenyl (C 12 H 10 ) and diphenyl oxide (C 12 H 10 O). These two compounds have practically the same vapor pressures, therefore, this mixture can be considered as a single compound. Diphenyl mixture fluid may be applied in systems employing either liquid phase or vapor phase heating. Its normal application range is 60 • F to 750 • F (15 • C to 400 • C), and its pressure range is from atmospheric to 152.5 psig (10.6 bar) [17] . The diphenyl mixture possesses unsurpassed thermal stability at temperatures of 750 • F (400 • C). The maximum recommended film temperature is 800 • F (425 • C). It has practically no corrosive action on the common structural materials such as steel, cast iron, copper brass, bronze, etc. Even at the high temperatures involved, the equipment usually exhibits excellent service life. Original equipment in many hydraulic systems prolongs after 30 years of continuous service. Stainless steel and low alloy steels, Monel alloys, etc. are also employed in equipment and instruments. This mixture has a freezing point of 53.6 • F (12 • C) and its low viscosity prevents start-up system problems. It is considered as a combustible fluid, however, its vapors do not pose a serious flammability hazard at room temperature, because its saturation concentration is far less than the lower flammability limit [17] . It has a relatively high flash point of 236 • F (113 • C) (SETA), a fire point of 245 • F (118 • C) (C.O.C.), and an auto-ignition temperature of 1110 • F (599 • C) (ASTM, E659-78). The lower flammable limit is 0.6% (volume) at 175 • C, while the upper limit is 6.8% at 190 • C. Ignited diphenyl mixture burns slowly and is practically explosion proof as experience of operating diphenyl heating installations has proven that there is practically no fire hazard from it with proper equipment and operation. Abagnale et al. [18] discussed the usage of DOWTHERM A as a working fluid in the Organic Rankine Cycle (ORC). It has been mentioned in [19] that this fluid has been successfully applied in heat pipes. The use of an organic fluid enables operation near atmospheric pressure and the use of plain carbon steel for the piping system. It was proposed to apply this fluid as coolant for UAV engine [20] .
Multiphysics Analyses of the Hydrogenation Reactor
This section deals with the numerical analysis of the reactor. Figure 4 shows the geometry of the hydrogenation reactor.
Properties and Benefits of Utilization of an Organic Fluid
DOWTHERM A (also known as "thermex") is a mixture composed of biphenyl (C12H10) and diphenyl oxide (C12H10O). These two compounds have practically the same vapor pressures, therefore, this mixture can be considered as a single compound. Diphenyl mixture fluid may be applied in systems employing either liquid phase or vapor phase heating. Its normal application range is 60 °F to 750 °F (15 °C to 400 °C), and its pressure range is from atmospheric to 152.5 psig (10.6 bar) [17] . The diphenyl mixture possesses unsurpassed thermal stability at temperatures of 750 °F (400 °C). The maximum recommended film temperature is 800 °F (425 °C). It has practically no corrosive action on the common structural materials such as steel, cast iron, copper brass, bronze, etc. Even at the high temperatures involved, the equipment usually exhibits excellent service life. Original equipment in many hydraulic systems prolongs after 30 years of continuous service. Stainless steel and low alloy steels, Monel alloys, etc. are also employed in equipment and instruments. This mixture has a freezing point of 53.6 °F (12 °C) and its low viscosity prevents start-up system problems. It is considered as a combustible fluid, however, its vapors do not pose a serious flammability hazard at room temperature, because its saturation concentration is far less than the lower flammability limit [17] . It has a relatively high flash point of 236 °F (113 °C) (SETA), a fire point of 245 °F (118 °C) (C.O.C.), and an auto-ignition temperature of 1110 °F (599 °C) (ASTM, E659-78). The lower flammable limit is 0.6% (volume) at 175 °C, while the upper limit is 6.8% at 190 °C. Ignited diphenyl mixture burns slowly and is practically explosion proof as experience of operating diphenyl heating installations has proven that there is practically no fire hazard from it with proper equipment and operation. Abagnale et al. [18] discussed the usage of DOWTHERM A as a working fluid in the Organic Rankine Cycle (ORC). It has been mentioned in [19] that this fluid has been successfully applied in heat pipes. The use of an organic fluid enables operation near atmospheric pressure and the use of plain carbon steel for the piping system. It was proposed to apply this fluid as coolant for UAV engine [20] .
Multiphysics Analyses of the Hydrogenation Reactor
This section deals with the numerical analysis of the reactor. Figure 4 shows the geometry of the hydrogenation reactor. The hydrogenation reactor is made of the catalyst bed material. It was assumed that the radius of the reactor was 0.05 m and the height of the reactor was 0.4 m. The hydrogenation chemical reaction occurred inside the catalytic reactor where the heat was supplied through the organic fluid to drive the endothermal reaction system. The heat flux was supplied at the inner and outer radius of the reactor. Levulinc acid and hydrogen were mixed in stoichiometric amounts and entered through the inlet of the hydrogenation reactor. This model investigates the hydrogenation of LA to GVL. COMSOL multi-physics software version 4.3b was applied in this work and simultaneously solved the continuity, Navier-Stokes (fluid flow), energy (heat transfer), and diffusion with chemical reaction kinetics transport equations. The model kinetics are described in detail in Section 2.3.1. Section 2.3.2 describes the continuity and fluid flow. Sections 2.3.3 and 2.3.4 describe the energy transport and diffusion equations.
Model Kinetics
Inside the hydrogenation reactor, levulinic acid and hydrogen react together to form GVL and water [21] :
The rate constant of the levulinic reaction is temperature dependent according to [21] :
where A represents the frequency factor. It was assumed that its value was 6.2 × 10 3 (1/s); E is the activation energy with a value of 48.0 (kJ/mole) [18] ; R is the gas constant (8.3143 J/(mole·K)); and T represents the temperature (K). It should be noted that this reaction is endothermic (consumes heat). The production rate (mole/(m 3 ·s)) of the GVL is given by:
Fluid Flow and Continuity Equations
Since the hydrogenation reaction occurs at a hydrogen pressure of 30 bar [11] , it was assumed that the flow of the hydrogen and levulinic acid inside the hydrogenation reactor was laminar. The flow was incompressible. The flow of species through the bed is described by Navier-Stokes equation [22] :
Since the flow is incompressible, the density of fluid is constant. Thus, the continuity equation for the reacting species is [22] :
where η denotes the dynamic viscosity of the fluid (Pa·s); u the velocity (m/s); ρ the density of the fluid (kg/m 3 ); p the pressure (Pa); and F is a body force term (N/m 3 ).
Energy Transport Equation
The energy balance equation applied to the reactor domain considers heat transfer through convection and conduction [21] :
In Equation (6), c p denotes the specific heat capacity (J/(kg·K)); k is the thermal conductivity of the fluid in (W/(m·K)); and Q is a sink or source term (W/m 3 ). The last term is calculated by the following equation:
where ∆H is the heat of reaction in (J/mole). The value of the heat reaction was taken from [23] .
Diffusion Transport Equation
The mass transfer in the reactor domain is given by the convection and diffusion equation. The diffusion equation for levulinc acid (LA) is written in Equation (8):
where DLA denotes its diffusion coefficient of LA in the solution in (m2/s) and RLA denotes the reaction term in (mole/(m3·s)). Equation (8) assumes that the species LA is diluted in a solvent. The diffusion equation for the gamma valerolactone (GVL) is written in Equation (9):
where DGVL denotes its diffusion coefficient of GVL in the solution in (m2/s), and RGVL denotes the reaction term in (mole/(m3·s)). The conversion of LA was calculated according to Equation (10) .
where c LA,in denotes the LA concentration at the entrance to the reactor and c LA,out denotes the LA concentration at the exit of the reactor.
Results
This section presents the model results for the temperature and concentration fields. A parametric study was performed to analyze the influence of the input temperature on the hydrogenation reactor performance.
Model Validation
Several works have dealt with burners as a heat source for maintaining the reaction [24, 25] . This work focused on the organic fluid heat source. The numerical results for a heat flux of 2730 (W/m 2 ) are presented in this section. It was assumed that the temperature of the reactants entering the hydrogenation reactor was 200 • C. Figure 5 shows the 3D temperature field inside the hydrogenation reactor. where H Δ is the heat of reaction in (J/mole). The value of the heat reaction was taken from [23] .
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The mass transfer in the reactor domain is given by the convection and diffusion equation. The diffusion equation for levulinc acid (LA) is written in Equation (8) (8) where DLA denotes its diffusion coefficient of LA in the solution in (m 2 /s) and RLA denotes the reaction term in (mole/(m 3 ·s)). Equation (8) assumes that the species LA is diluted in a solvent. The diffusion equation for the gamma valerolactone (GVL) is written in Equation (9):
where DGVL denotes its diffusion coefficient of GVL in the solution in (m 2 /s), and RGVL denotes the reaction term in (mole/(m 3 ·s)). The conversion of LA was calculated according to Equation (10) . 
Results
Model Validation
Several works have dealt with burners as a heat source for maintaining the reaction [24, 25] . This work focused on the organic fluid heat source. The numerical results for a heat flux of 2730 (W/m²) are presented in this section. It was assumed that the temperature of the reactants entering the hydrogenation reactor was 200 °C. Figure 5 shows the 3D temperature field inside the hydrogenation reactor. As seen in Figure 5 , the temperature at the bottom section of the reformer is higher than the temperature at the upper side. This is due to two reasons: first, the endothermic reactions absorb the heat, and second, the thermal conductivity of the solution (levulinic acid and hydrogen) has a lower value. The temperature at the internal and external surfaces of the reactor was much higher than the temperature inside the bulk of the reactor, which is because they are exposed to heat supplied by organic fluid. The lower thermal conductivity led to a higher temperature gradient across the radial axis of the reactor. Figure 6 shows the 3D levulinic acid concentration field inside the hydrogenation reactor.
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The numerical results for the heat flux input of 2730 (W/m 2 ) are presented in this section. It was assumed that the temperature of the reactants entering to the hydrogenation reactor was 100 • C. Figure 8 shows the 3D temperature field inside the hydrogenation reactor.
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Conclusions
A new design for a hydrogenation reactor to transform levulinic acid to γ-valerolactone (GVL) by using high boiling point organic fluids is proposed in this section. The heat carried by the DOWTHERM A and supplied to the hydrogenation reactor can be produced by using solar energy or by using other heat sources such as a furnace burner or solar power station. The Hydrogen required for the hydrogenation reaction can be produced by using Methane Steam Reforming System. Figure 10 shows proposed GVL production system. levulinic acid decreased along the reactor axis and the GVL mass fraction increased along the reactor axis.
A new design for a hydrogenation reactor to transform levulinic acid to γ-valerolactone (GVL) by using high boiling point organic fluids is proposed in this section. The heat carried by the DOWTHERM A and supplied to the hydrogenation reactor can be produced by using solar energy or by using other heat sources such as a furnace burner or solar power station. The Hydrogen required for the hydrogenation reaction can be produced by using Methane Steam Reforming System. Figure 10 shows proposed GVL production system. 
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Appendix A: Preliminary Results for Fire Dynamics Simulator of GVL Burner
A computational model for the simulation of GVL burner was developed by using Fire Dynamics Simulator software (FDS) version 5.0 [29, 30] . FDS simulation can provide much detailed information on the GVL burner, including the local and transient gas velocity, gas temperature, species concentration, solid wall temperature, fuel burning rate, radiative heat flux, convective heat flux and HRR. The thermomechanical properties of the GVL are listed in Table A1 [7] . Table A1 . Thermomechanical properties of GVL [7] .
Material Property
Value Lower Heating value 25,000 (kJ/kg) density 1040 (kg/m³)
The temperature field at t = 42.1 s is shown in Figure A1 . Funding: This research received no external funding.
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